Since posttranslational modification (PTM) by the small ubiquitin-related modifiers (SUMOs) was discovered over a decade ago, a huge number of cellular proteins have been found to be reversibly modified, resulting in alteration of differential cellular pathways. Although the molecular consequences of SUMO attachment are difficult to predict, the underlying principle of SUMOylation is altering inter-and/or intramolecular interactions of the modified substrate, changing localization, stability, and/or activity. Unsurprisingly, many different pathogens have evolved to exploit the cellular SUMO modification system due to its functional flexibility and far-reaching functional downstream consequences. Although the extensive knowledge gained so far is impressive, a definitive conclusion about the role of SUMO modification during virus infection in general remains elusive and is still restricted to a few, yet promising concepts. Based on the available data, this review aims, first, to provide a detailed overview of the current state of knowledge and, second, to evaluate the currently known common principles/molecular mechanisms of how human pathogenic microbes, especially viruses and their regulatory proteins, exploit the host cell SUMO modification system.
S
mall ubiquitin-related modifier (SUMO) was initially identified as reversible, proteinogenic posttranslational modification (PTM) by different laboratories in the mid-1990s (13, 116, 122, 125, 135) . Today, it is classified as a member of the ubiquitin-like proteins (Ubls) due to its structural and sequence similarities to ubiquitin (89, 169) ; however, the surface properties of SUMO are quite distinct. Interestingly, it appears that the characteristic determinants of PTM by Ubls are phylogenetically ancient and may have evolved from biosynthetic pathways via repeated rounds of gene duplication and diversification (75) . Consequently, SUMO is expressed by all eukaryotes but is absent from prokaryotes/archaea. Lower eukaryotes have a single SUMO gene, whereas plants and vertebrates express several SUMO paralogues.
In vertebrates, two subfamilies, namely, SUMO-1 and SUMO-2/3 proteins, are known. SUMO-2 and SUMO-3 are commonly referred to as SUMO-2/3 due to 98% sequence similarity and the lack, to date, of clearly distinguishable functional differences. Although members of each subfamily are highly similar, SUMO-1 and SUMO-2/3 share only about 50% amino acid sequence identity, although all are ϳ100-residue proteins containing significant primary sequence homology to ubiquitin in the C terminus (ϳ20%) and a short unstructured N-terminal stretch (11, 128) .
Recent research has shown important differences in the molecular functionalities of mammalian SUMO-1 and SUMO-2/3 proteins. The latter is present in higher levels than SUMO-1, whereas the unconjugated pool of SUMO-1 is lower than that of SUMO-2/3. Intriguingly, SUMO-2 and SUMO-3 can be conjugated to target proteins in a chain-wise fashion due to internal SUMO conjugation motifs (SCMs), whereas SUMO-1 lacks this ability. Moreover, some results suggest a certain degree of paralogue specificity for SUMO conjugation to distinct substrates in vivo (163) , indicating differential roles in cell metabolism that are yet to be clearly defined. In humans, a fourth gene codes for SUMO-4; however, it is unclear whether its product can be conjugated to other proteins in vivo (140) .
In principle, SUMO conjugation to diverse SCMs occurs by an enzymatic mechanism similar to ubiquitination (Fig. 1) . However, the single E2 enzyme Ubc9 is a key component of the SUMO conjugation system and is essential for viability in most eukaryotes (5, 72, 132, 134) . Although Ubc9 represents the only known E2 enzyme so far, and is therefore of unique importance for the SUMOylation pathway, it appears to additionally mediate regulatory functions in cellular metabolism independently of its E2 enzymatic activity (28, 85, 97, 144, 164, 179) .
Some evidence implicates misregulated SUMOylation in tumorigenesis, with detectable overexpression of the E2 conjugating enzyme Ubc9 in some human malignancies or a specific SUMO isopeptidase in others (10, 40, 43, 68, 82, 126, 127, 203) . In addition, SUMOylation might be linked to neurodegenerative diseases, such as Huntington's, Alzheimer's, and Parkinson's diseases (166) , and to type 1 diabetes (6, 18, 172) .
Despite these proposed functions, the molecular consequences of SUMOylation for a target are difficult to predict. In general, it can be said that the underlying principle of SUMOylation is to alter a modified substrate's inter-and/or intramolecular interactions and hence its stability, localization, or activity. Some of the downstream consequences may be mediated by effectors via noncovalent SUMO interaction motifs (SIMs) (88, 173) . Thus, SUMO modification of a target protein provides an additional interaction platform for recruiting SIM-containing effector proteins.
The observation that multiple cellular pathways are extensively regulated by SUMO modification, while only a low percentage of effector proteins are modified, currently represents a most puzzling question, aptly termed the SUMO enigma (71) . One model suggests that SUMO is rapidly deconjugated after triggering the formation of stable protein complexes, thereby allowing global, long-lasting control of proteins via a labile, short-lived modification (71) .
The biological functions of the SUMO system have been covered in many excellent reviews describing its involvement in transcriptional regulation, maintenance of genome integrity, promyelocytic leukemia protein-nuclear body (PML-NB) formation, DNA repair, subcellular localization, ubiquitin-mediated proteolysis, nuclear transport, signal transduction, and tumorigenesis (59, 69, 80, 180, 184) . Intriguingly, the particular subnuclear structures called PML-NBs or nuclear domain 10 (ND10) have been implicated in comparable cellular mechanisms; the structural integrity/regulation of these accumulations and their associated proteins depend on PTM with SUMO. Besides being SUMOylated at three specific residues, the main protein component, PML, also contains a SIM (171), contributing to establishing a complex three-dimensional (3D) structure (101, 171, 187) .
It has been proposed that over 165 known cellular proteins can be dynamically targeted to PML-NBs, in part depending on their SUMO modification and/or whether they contain a SIM (182) . Moreover, the importance of PML-NBs as well as that of associated factors is highlighted by the fact that they are targeted by multiple viral proteins during infection as part of an intrinsic viral defense mechanism (183; reviewed in references 46, 47, and 178) .
In summary, it is not surprising that various intracellular pathogens have evolved to take advantage of the conserved host cell SUMOylation machinery, by either modulating essential components or being targets of this PTM themselves (15, 190) . This review focuses on elucidating the different principles of how human pathogenic microbes, especially viruses and their regulatory proteins, exploit the host cell SUMO modification system.
DNA VIRUSES
Currently, most research into how the SUMO modification system is involved in virus infection has been performed using DNA viruses. Many observations are inevitably linked to PML-NBs, since these structures have been described as an intrinsic antiviral defense mechanism, especially for nuclear replicating DNA viruses, and are considered to represent the nuclear SUMOylation hot spot (46, 47, 178, 183) .
ADENOVIRIDAE
The avian adenovirus chicken embryo lethal orphan (CELO) represents one of the best analyzed model systems for modulating the cellular SUMO modification system so far (14, 31, 152) , although it does not represent a human pathogen. After the initial discovery of the anti-apoptotic Gam-1 protein (32), which is functionally similar to the human adenovirus early region 1B 19-kilodalton (E1B-19K) protein, it soon became clear that Gam-1 induces the loss of PML-NBs, and in general leads to the deregulation of the SUMO pathway (33, 36) . Intriguingly, the viral protein blocks cellular SUMOylation by a mechanism involving inhibition of E1-SUMO thioester-intermediate formation in vitro as well as proteasomal reduction of both E1 and E2 proteins (16) . The mechanism of ubiquitin-dependent reduction of the heterodimer E1 via the CELO Gam-1 protein represents an as yet unique viral strategy to counteract the SUMOylation pathway (17) .
In human adenoviruses, three proteins of a commonly established laboratory strain, human adenovirus serotype 5 (HAdV5), have been linked to the SUMO pathway. Based on conservation of the catalytic triad, structural data, and enzymatic processing of viral protein precursors (106, 113) , the proteases of adenovirus, poxvirus, and African swine fever virus (ASFV) have been described as members of a new class of related cysteine proteases, which include the SUMO proteases (Ulps/sentrin-specific proteases [SENPs]) (110, 129) .
HAdV5 encodes a set of early regulatory proteins, and the proteins have been identified to interact with enzymes or resemble substrates of the SUMOylation pathway. Initial experiments showed that E1A binds to murine Ubc9 (70) , and these results were subsequently confirmed for the human ortholog. Interestingly, Yousef et al. further identified a specific amino acid sequence within the conserved region 2 of E1A which is necessary and sufficient to interact with the N-terminal region of the SUMO E2 enzyme (200) . However, the interaction of these two proteins does not alter global SUMOylation within A549 or U2OS cells, nor is it essential for oncogenic transformation of p53-negative mouse embryonic fibroblasts (MEFs) by E1A. Although some evidence indicated that E1A interferes with polySUMOylation (200) , C-terminal stretch (2 to 11 amino acids) after an essential GG motif. After maturation via the sentrin-specific proteases (SENPs) (129) , the SUMO protein is activated in an ATP-dependent step by conjugation to the E1 heterodimer (Aos1/Uba2). SUMO is subsequently transferred to the unique E2 enzyme Ubc9, which covalently attaches the modifier to the -amino group of a target lysine residue in the presence of an E3 SUMO ligase. However, Ubc9 itself can bind the SCM signature sequence of target proteins and induce SUMO modification without an E3 ligase, indicating that the E3 enzyme may play an integral role in ensuring proper substrate specificity rather than exclusive stimulation of enzymatic conjugation itself (81) . Currently, four different extensions of the classic consensus SUMO conjugation motif (SCM; -K-x-E/D) have been identified: the phosphorylation-dependent sumoylation motif (PDSM; -K-x-E/D-xx-pSP) (74), the negatively charged amino-acid-dependent sumoylation motif (121) , and the hydrophobic cluster SUMOylation motif (HCSM) (121) .
whether and to what extent E1A mediates some of its potent transcriptional regulatory functions by modulating host cell SUMOylation are subjects for further studies (58) . In contrast, E1B-55K is itself a substrate for the host cell SUMO modification system, harboring a classical SCM around lysine 104 (44, 45) . Indeed, PTM of E1B-55K is known to be involved in several aspects of viral protein function, such as functional inactivation of the tumor suppressor protein p53, and proteasomal degradation of the chromatin remodeling factor Daxx. In isolation, the modulation of these two cellular proteins subsequently determines the oncogenic potential of the E1B-55K protein in primary mammalian cells (44, 45, 167, 168) . Moreover, during virus infection, E1B-55K subnuclear localization and interaction with certain isoforms of PML seemingly depend on SUMO modification of the viral protein (92, 191) , although another early viral protein counteracts E1B-55K PTM via an as yet unknown mechanism (107) . Recently published results show that HAdV5 E1B-55K itself acts as a SUMO E3 ligase, inducing the SUMOylation of p53 in vitro and in vivo and thereby promoting inactivation of the tumor suppressor protein via spatial restriction to PML-NBs (147) .
In summary, these results indicate that HAdVs are intimately connected to the SUMOylation system, although the functional consequences for individual regulatory proteins as well as the viruses themselves are diverse and far from being understood.
HERPESVIRIDAE
The link between herpesviruses and SUMO modification is related to the herpesviruses' mode of counteracting the antiviral properties of PML-NBs. For example, during the initial stages of HSV-1 infection, the incoming viral genomes rapidly associate with newly established ND10-like nuclear accumulations. This occurs independently of de novo viral protein expression and actively restricts viral infection (50, 51, 54, 114) . Based on available data with additional prototype members of different herpesvirus subgroups, it is reasonable to conclude that diverse molecular mechanisms have evolved to converge for the efficient counteracting of PML-NB-mediated antiviral activities.
HSV-1 (Alphaherpesvirinae). Inactivation of PML-NBs during early stages of herpes simplex virus 1 (HSV-1) infection depends on expression of the immediate-early (IE) protein ICP0, which rapidly localizes to PML-NB subnuclear structures and disrupts them (22, 23, 29, 49, 123, 124) . However, in the absence of ICP0, incoming viral DNA rapidly associates with de novo-formed ND10-like structures containing antiviral proteins such as PML itself, Sp100, and Daxx, a process that efficiently represses ongoing viral gene expression (39) . Intriguingly, ICP0 is capable of inducing proteasomal degradation of PML, SUMO-modified PML, and the PML-associated protein Sp100 (8, 48, 130, 145) , which is assumed to be a principal mechanism for HSV-1 to counteract the ND10-mediated antiviral defense barrier (52, 53) .
Most recent findings provide substantial evidence that ICP0 functions by exploiting a more common cellular pathway that links SUMO modification with ubiquitin-dependent protein turnover rather than by specific targeting of individual proteins (19) . Mammalian SUMO-targeted ubiquitin ligases (STUbLs), such as RNF4, resemble a recently described class of RING finger ubiquitin ligases that preferentially target SUMOylated proteins via their SIMs, thus providing a functional link between SUMOylation and ubiquitin-dependent degradation (60, 99, 148, 153, 176, 177, 181, 188, 196) . Intriguingly, ICP0 possesses several STUbL-like properties, which enables it to induce global proteasomal reduction of SUMOylated proteins, particularly SUMOmodified PML (19) . This observation provides a fascinating explanation of how the viral ICP0 protein may inhibit ND10 antiviral functions by depleting ND10 of its SUMOylated components and, consequently, eliminating recruitment of several repressive factors, such as Sp100 and Daxx.
VZV (Alphaherpesvirinae). Similar to the closely related alphaherpesvirus HSV-1, efficient varicella-zoster virus (VZV) replication depends on the inactivation of PML-NBs (98, 157) , although the molecular mechanism involved remains elusive. The VZV ORF61 protein resembles the functional orthologue of ICP0; however, it does not induce proteasomal degradation of PML by its RING domain but rather triggers an approximately 5-fold reduction in absolute PML-NB numbers in vitro (157) .
Interestingly, colocalization and subsequent disruption of ND10 depends on a functional SIM motif within the viral ORF61 protein, facilitating efficient viral replication in human skin xenografts (186) . Taken together, these results indicate that the interaction between SIM-containing viral regulatory proteins and SUMO-modified PML is conserved within the Alphaherpesvirinae, allowing them to target PML-NBs for dispersal, whereas the RING domain has variable functions, which nevertheless might include degradation of certain PML-associated antiviral proteins.
HCMV (Betaherpesvirinae). Human cytomegalovirus (HCMV) encodes two major IE gene products that are thought to play key roles in initiating lytic replication by inhibiting PML-NB's repressive activity toward foreign DNA. However, HCMV IE1 induces nuclear dispersal of these structures in a functionally different way than that of the HSV-1 ICP0/VZV ORF61 protein. IE1 localizes to a mixture of nuclear diffuse and punctate PML-positive accumulations at initial stages of infection, shifting to an exclusively diffuse distribution at later times. In contrast, IE2 remains juxtaposed to nuclear accumulations that resemble preexisting PML-NBs (3, 87) . Obviously, the two viral proteins share an intrinsic capability to associate with PML-NBs, but the functional consequences remain clearly distinct.
HCMV IE2 is a well-characterized transcriptional regulator mediating either repression of its own promoter (73, 149) or activation of other viral early promoters (66, 117) , and its transactivating function is believed to allow progression of the viral replicative cycle. Interestingly, IE2 has been identified to interact with the E2 enzyme Ubc9, becoming modified at two specific lysine residues (K175, K180) by different SUMO isoforms (4, 76, 162) .
In contrast to the notion that SUMO attachment may facilitate targeting of IE2 to PML-NBs during transient transfection, subnuclear targeting of the viral protein occurs independently of this PTM. However, reporter gene experiments imply that the transactivation capabilities of IE2 depend on its SUMOylation, possibly providing an additional interaction platform for recruiting the necessary cellular cofactors, such as TAF12 (4, 9, 76, 91) .
Recent data further indicate that IE2 colocalizes and interacts with the SUMO E3 ligase protein inhibitor of activated STAT-1 (PIAS1), which significantly augments SUMO modification and transcriptional activity of the viral protein during exogenous overexpression (105) . Biochemical evidence additionally confirmed that the IE2 protein contains a SIM motif, which is apparently necessary for efficient SUMO modification of the viral protein (12, 91) . Consistently, mutations in the SIM and/or the SUMOylation sites impaired IE2-mediated transactivation of the viral early promoters.
Notably, replication of IE2 mutant viruses was severely repressed in normal human fibroblasts. Closer analysis of viral growth indicated that the replication defect correlates with a lowlevel accumulation of SUMO-modified IE2 (12, 91) . Although these results are interesting, further work is required to evaluate the importance of IE2 PTM by SUMO in vivo, since studies with alternative laboratory HCMV strains provide somewhat conflicting results (12, 103) .
Similarly, the IE1 protein is apparently modified by SUMO-1 at lysine 450, although phosphorylation of the viral protein may negatively regulate SUMO attachment (162, 174) . However, both wild-type (wt) IE1 and the SUMOylation-deficient mutant IE1 K450R not only are capable of localizing to and disrupting PMLNBs but also show no significant differences in protein stability, transactivation, or virus growth (174) .
Importantly, in contrast to the HSV-1 ICP0-mediated mechanism of PML modulation, IE1-induced loss of high-molecularweight PML is resistant to proteasome inhibitors, and no reduction of PML itself is observed (104, 130) . Hence, it is not yet clear how IE1 limits SUMO modification of PML, although several potential direct or indirect mechanisms have been discussed (83, 104) .
At present, two main downstream consequences of IE1 modification have been described. First, an IE1-SUMOylationdeficient virus mutant grew more slowly and produced a lower yield in human fibroblasts than that of wild-type virus, suggesting that SUMO modification is required for IE1 activity. However, intranuclear localization, PML-NB disruption, and transactivation of viral promoters were not influenced, although substantially reduced IE2 transcript and protein levels were observed (133) . Second, SUMOylation of IE1 was found to inhibit binding to STAT2 and therefore repression of interferon (IFN)-responsive genes, resulting in about three orders of magnitude less viral growth after beta interferon stimulation. Hence, it appears that IE1 SUMOylation impairs the ability of the viral protein to interfere with cellular interferon signaling (77) .
Many of the basic aspects described for HCMV IE proteins apply to the corresponding proteins of the closely related betaherpesvirus human herpesvirus 6 (HHV-6); however, more detailed studies are necessary to draw any final conclusions (63, 64) .
EBV (Gammaherpesvirinae). Similar to the alpha-and betaherpesviruses discussed above, the gammaherpesvirus EpsteinBarr virus (EBV) encodes an immediate-early protein called Zta (BZLF1), which is capable of disrupting PML-NBs. Besides manipulating the host cell, this viral protein is required for efficient expression of the EBV early genes and plays an essential role in lytic replication. Zta itself is a substrate for the host cell SUMOylation system involving SUMO-1, SUMO-2, and SUMO-3, although the modified residue K12 is not part of the classical consensus motif -K-x-E/D (2, 67, 131).
Interestingly, it has been suggested that Zta outcompetes PML for the limiting pool of endogenous SUMO molecules, thereby inducing the loss of high-molecular-weight PML, i.e., a functionally different path from that of IE1 or ICP0. However, since SUMOylation-deficient mutants of Zta remain partially capable of dispersing PML-NBs, other mechanisms must be taken in account (2, 67) . Moreover, modification with SUMO itself does not influence the stability or localization of the viral protein, as shown with Zta K12A or Zta K12R , but seemingly decreases the viral protein's transactivation abilities on certain viral promoters. Since Zta serves as one molecular switch in EBV's alternative life cycles, it has been suggested that SUMO modification of the viral protein decreases this protein's ability to transactivate viral gene expression and, consequently, favors triggering the establishment of latency rather than lytic replication (1, 67) .
A recent model proposed by Murata et al. convincingly links the attenuation of Zta's transcriptional activity by SUMO with the recruitment of cellular HDAC3/HDAC7 proteins, since treatment with the HDAC inhibitor trichostatin A completely reverses the inhibitory effect of Zta SUMOylation (131) . In contrast, the EBVencoded protein kinase, EBV-PK, somehow counteracts SUMO modification of Zta, indicating that the interplay of these viral proteins and the host cell SUMOylation machinery is an important factor in the equilibrium of the lytic versus latent status of EBV (67) .
The second immediate-early protein Rta of EBV is also SUMOylated at three specific lysine residues (K19, K213, K517). These results, together with the observation that Rta binds to the E2 enzyme Ubc9 and several PIAS proteins in vitro and in vivo, renders Rta a bona fide substrate of the SUMOylation system, although this protein does not contain any classical SCM (25, 112) . Interestingly, Rta modification augments the capacity of the viral protein to transactivate certain promoters, although the mechanism remains undefined (25) .
Last, EBNA3C is known to be modified by SUMO-1, SUMO-2, and SUMO-3. However, PTM is necessary not for the transactivation potential of the viral protein but rather to direct its subnuclear localization to PML-NBs (161) .
KSHV (Gammaherpesvirinae). The K-bZIP protein of Kaposi's sarcoma-associated herpesvirus (KSHV), among the earliest protein to be expressed after acute infection or reactivation of the latent genome, resembles the structural analogue of the EBV transcription factor Zta. K-bZIP appears to be modified by all three SUMO isoforms at residue K158 in vitro and in vivo, evidently modified in a chain-wise fashion by SUMO-2/3. However, like EBV Zta and HCMV IE1/IE2, PTM does not influence protein stability or localization of K-bZIP to PML-NBs (78) . On the other hand, experiments including a SUMOylation-deficient mutant of K-bZIP confirmed that SUMOylation is largely but not exclusively responsible for transcriptional transrepression by K-bZIP and that this activity depends on a physical interaction with enzymatically active Ubc9 (78, 93) . Although the detailed molecular mechanism is open for debate, it has been proposed that K-bZIP functions as a viral SUMO ligase or SUMO adaptor, allowing recruitment of Ubc9 to KSHV promoter sites, followed by transcriptional repression.
Consistent with this theory, Chang et al. recently showed that K-bZIP harbors a SIM that binds exclusively to SUMO-2/3 and not to SUMO-1 (26) . Through this motif, K-bZIP induces SUMO modification of itself as well as certain interaction partners, such as the tumor suppressor proteins p53 and pRB, thus representing the first-described viral SUMO isoform-specific E3 ligase. Hence, K-bZIP is recruited to p53 target sites via its SIM and affects multiple p53 downstream genes in a SUMO-dependent manner (26) . These results provide a new aspect for interpreting the molecular mode of K-bZIP induction of growth arrest during viral infection by alteration of the SUMOylation level of certain host cell factors.
In parallel, the viral LANA2 protein was shown to exploit the SUMO modification system in a functionally different way to ensure cell viability in KSHV-infected primary effusion lymphoma (PEL) cells (118, 119) . In the presence of LANA2, PML is decreased in vivo via a proteasome-dependent mechanism involving enhanced modification of PML by SUMO-2 and ubiquitin, ultimately leading to significant alterations in PML-NB structure. The evidence provided by Marcos-Villar et al. argues that PML reduction is achieved by SUMO-dependent ubiquitinylation, although final proof for the involvement of STUbLs such as RNF4 remains to be shown (118, 119) . Moreover, this activity requires the functional integrity of both the LANA2 SIM and several lysine residues that resemble the amino acids responsible for covalent attachment of SUMO-1 and SUMO-2 (118). These results suggest that KSHV has developed a fascinating mechanism to counteract PML-NB functions, which may in fact play a significant role in KSHVmediated tumorigenesis. Papillomaviridae. To date, several studies with human papillomavirus (HPV) and bovine papillomavirus (BPV) clearly show an association of these DNA viruses with the host cell SUMO modification system. Indeed, both viral E1 (vE1) and vE2 proteins seem to interact with Ubc9 and to be targets for covalent SUMO attachment. Initial studies of HPV type 16 (HPV16) (199) and BPV (155) clearly identified an association of vE1 with the Ubc9 enzyme, although the functional consequences remain poorly defined. Analysis of different mutants as well as the conservation of critical residues identified the binding domain for Ubc9 on vE1 of BPV, while comprehensive mutational studies support the notion that SUMO attachment is important for nuclear accumulation of vE1 and, thus, efficient replication of certain papillomaviruses (155, 156) . Moreover, initial evidence indicates that the PIAS family of E3 ligases may be involved in regulating vE1 SUMOylation (160) . Recent data somewhat questions the exclusive dependency of vE1's molecular function on the SUMOylation pathway or interaction with Ubc9 (56), making this a subject of further studies to determine whether the proposed mechanisms are globally applicable to the different virus types and how experimental systems influence the respective results.
Intriguingly, HPV vE2 is readily SUMOylated in vitro and in vivo, with a preference for SUMO-2/3 conjugation in vivo. Apparently, exogenous overexpression of SUMO-2/3 with Ubc9 significantly stabilizes vE2 protein levels, whereas SUMO-1 fails to do so. This increase in stability is specific for vE2 but does not depend on covalent attachment of SUMO-2/3 to the viral protein, since inactivation of the predominantly modified lysine residue does not abolish the observed effect (193) (194) (195) . This mechanism argues against simple competition between ubiquitin and SUMO for covalent attachment sites, rather suggesting that it is mediated through SUMOylation of a secondary cellular target(s).
A comparable stabilization effect has been described for the minor capsid protein L2 (120), which plays a critical role not only in generating infectious viral particles but also during early stages of HPV infection (165) . L2 is covalently modified by SUMO-1 and, preferentially, SUMO-2/3 at lysine 35, thereby drastically enhancing the half-life of the capsid protein (120) . However, only un-SUMOylated L2 was capable of interacting with the second capsid protein L1, demonstrating that SUMO modification has a detrimental effect on L2's capacity to bind L1.
Apparently, L2 is also capable of inducing a short-lived change in the SUMOylation status of host cell proteins by specifically upregulating endogenous SUMO-2/3 modification (120), although the mechanistic background remains unknown. Intriguingly, during keratinocyte differentiation, both SUMO-2/3 and Ubc9 are gradually upregulated, whereas SUMO-1 levels are unaltered (41) . It is fascinating that the vE2/L2 protein levels, and presumably viral protein functions, may be directly linked to the levels of the host cell SUMOylation enzymes that in turn are coupled with the differentiation process in infected skin keratinocytes.
Poxviridae. Currently, two proteins of vaccinia virus (VV) have been reported to associate with the host cell SUMOylation machinery. Initially, the E3L protein was identified as interacting with SUMO-1 in a yeast two-hybrid screen (159) , and recently published results confirm the presence of a SIM within the viral protein. The SIM is required for efficient SUMO modification by SUMO-1 and SUMO-2 at lysine 40/99, protein stability, and nuclear localization of the viral E3L protein (62) . However, mutational inactivation of E3L SUMOylation does not decrease efficient viral replication, although PTM of the viral protein by SUMO appears to impair transcriptional activation of p53 via a so far unknown mechanism.
The VV A40R protein is a nonstructural, type II membrane glycoprotein possibly involved in forming so-called cytoplasmic mini-nuclei that resemble endoplasmic reticulum (ER)-enwrapped virus factories for cytoplasmic replicating poxviruses. Interestingly, A40R is the only viral protein described so far that appears to be quantitatively modified by SUMO-1 at lysine 95. In this context, SUMO modification prevents self-association and insolubility of the viral protein, allowing proper cytoplasmic targeting of A40R to the viral replication sites. Although it has been suggested that SUMOylation of A40R may play a role in forming VV's cytoplasmic replication sites, as well as in viral replication itself and/or late viral gene transcription (143) , further studies are needed to draw a final conclusion.
In addition, the poxvirus I7 protease shares functional and structural similarities with the SENP proteins, suggesting that I7 and the SENP proteins can be grouped into a specific kind of cysteine protease family (110, 129) .
RNA VIRUSES
With a few exceptions, the role of SUMOylation for RNA viruses is poorly defined, although significant findings do suggest that a functional linkage is almost undeniable. Therefore, some of the following sections are limited to illustrating specifically described examples of the prototype members of certain virus families rather than describing the detailed functional consequences of SUMO modification.
Bunyaviridae. In 2003, three studies provided the first evidence of an association between proteins from bunyaviruses and the host cell SUMOylation machinery (84, 102, 115) . Although different species of the genus Hantavirus were used (Hantaan virus [HTNV], Tula virus [TULV], Seoul virus [SEOV]), the collective data identified the nucleocapsid protein (NP) as interacting with SUMO-1, Ubc9, and certain cellular E3 ligases of the PIAS family (PIAS1, PIASx␤), suggesting an evolutionarily conserved mechanism across the different species. While NP contains several conserved SCMs, no covalent SUMO attachment could be detected (84, 102, 115) even though both proteins were found to colocalize in perinuclear aggregates. Pertinently, separate overexpression of Ubc9 and NP indicated prominent localization of both proteins to the perinuclear region, where viral replication and assembly is thought to occur during productive infection. Although certain links between the host cell SUMOylation machinery and hantavirus in general are evident, the functional consequences for the virus life cycle remain to be clarified.
Coronaviridae. Similar to Hantavirus NP, the severe acute respiratory syndrome coronavirus (SARS-CoV) nucleocapsid (N) protein is known to form the ribonucleocapsid together with the genomic viral RNA. However, multiple functions have been postulated for this multifunctional protein throughout the virus life cycle, including inhibition of host cell proliferation and/or apoptosis. Biochemical and mutagenesis studies by Li et al. showed that the SARS-CoV N protein is posttranslationally modified by SUMO-1 at lysine 62 (108, 109) . Functionally, SUMOylation seems to promote homo-oligomerization of N, which might have a profound impact on the formation of viral ribonucleoprotein (RNP) complexes and nucleocapsid assembly. In line with this observation, two recently published studies identified the N protein as interacting with the E2 enzyme Ubc9 (55, 108) . Unusually, this interaction is independent of the N protein SCM but depends on an evolutionarily conserved serine/arginine-rich motif, suggesting that different species of coronavirus may interact with Ubc9. Although this interaction may regulate the activity of Ubc9, affecting downstream signaling via modulation of cellular SUMOylation, more comprehensive studies are needed for resilient results.
Filoviridae. Ebola Zaire virus (EBOV) is one of the most pathogenic human viruses known, with fatality rates as high as 90%. Dendritic cells (DCs) and macrophages are the main initial targets of infection, and counteracting the type I IFN response represents one of the main pathogenicity mechanisms of EBOV (7) . Mechanistically, the viral protein VP35 induces covalent modification of IFN regulatory factor 7 (IRF7) and IRF3 by SUMO-1 and SUMO-2/3 via the cellular E3 ligase PIAS1 (7, 27, 96) . This process involves binding of VP35 to PIAS1 and the subsequent SUMOylation of IRF3/IRF7, which significantly decreases IFN promoter activity. The present proposed model of exploiting a cellular E3 SUMO ligase and subsequently inactivating the host cell interferon system represents an ingenious mechanism used by these viruses to subvert basic host regulation pathways and promote efficient replication.
Flaviviridae. Dengue viruses (DENV) are important mosquitoborne human pathogens, representing one of the leading causes of morbidity and mortality in subtropical and tropical areas. A recent study identified the cellular Ubc9 protein as an interaction partner of the envelope (env) protein of DENV serotype 2 both in vitro and in vivo (34) . Specifically, this interaction depends on residues K51 and K241 of env; however, preliminary experiments showed neither association with SUMO-1 nor SUMO modification of env itself. Moreover, some evidence points to overexpression of Ubc9 inducing slight changes in the localization of the viral protein during cotransfection. However, it remains to be determined to what extent this affects the observed reduction in plaque formation of DENV in the presence of exogenous Ubc9 (34) .
Orthomyxoviridae. To date, very little is known about the importance of SUMO modification for the replication of orthomyxoviruses, in particular their most prominent member, influenza virus. Initial evidence for an association came from two large-scale screenings for cellular proteins that were either required for efficient influenza multiplication (94) or able to interact with various influenza proteins (170) . Recently published results indicate that at least five viral proteins (NS1, PB1, NP, M1, NS2) are capable of being SUMO modified in vitro, and four of these (NS1, PB1, NS1, M1) seem to be modified in vivo during productive infection (141, 142, 192, 197) .
Comprehensive in vitro analysis and in silico comparisons indicate that the SCMs involved are conserved among human and avian strains, pointing to an evolutionarily conserved mechanism (142, 197) . Intriguingly, influenza virus is capable of triggering a global increase in cellular SUMOylation, whereas in turn, global knockdown of Ubc9 by short hairpin RNA (shRNA) drastically impairs influenza virus production (192) , clearly indicating a functional role of the SUMO modification system in efficient infection.
It appears that PTM of the M1 protein at lysine 242 is essential for assembly of the vRNP-M1 complex, efficient nuclear export, and consequently, virus morphogenesis/release (192) . NS1 itself interacts with the E2 enzyme Ubc9 to possibly promote its own SUMOylation at lysine 219/221. Although the molecular consequences of PTM for most of the viral proteins remain enigmatic, SUMO modification of NS1 has been implicated in protein stability and enhanced virus growth (197) . Together, the data strongly suggest a more complex interaction between this cellular PTM system and influenza virus, although it remains possible that SUMOylation exerts an indirect effect on influenza infection simply by regulating type I IFN production.
Paramyxoviridae. Parainfluenza virus 5 (PIV5) is a prototype member of paramyxoviruses, which include important animal and human pathogens, such as measles and mumps virus. The viral P protein is an essential cofactor of the viral RNA-dependent RNA polymerase, which has been shown to be modified within a classic SCM by SUMO-1, but not SUMO-2 or SUMO-3. However, since PIV5 P K254R still shows residual SUMOylation, additional conjugation sites other than K254 are likely (175) .
When monitoring of the activity of a viral minigenome, elimination of P protein PTM significantly decreased viral gene expression, an effect that could not be directly attributed to structural changes in the PIV5 RNA-dependent RNA polymerase. Similar observations about the role of K254 in SUMO conjugation and its importance for genome activity, mRNA synthesis, and viral protein expression have been made during virus infection (175) . It therefore appears that modification of P is necessary for efficient viral transcription by the PIV5 RNA-dependent RNA polymerase, probably by recruiting as yet unknown host cell factors to the viral transcription sites.
Picornaviridae. Enterovirus 71 (EV71), which is closely related to poliovirus, is a member of the family Picornaviridae that mainly causes infections in early childhood and is seen only in rare outbreaks in adults. Typically for these viruses, a large polyprotein synthesized from the viral RNA is processed via viral proteases such as EV71 protease 3C. Recent work by Chen et al. identified EV71 3C as a substrate of the SUMO modification system, and modification at lysine 52 can be seen both in vitro and in vivo during virus infection (30) . Besides the observation that SUMO-1 as well as SUMO-2 are attached to EV71 3C, the data also support for the first time the assumption that endogenous SUMO-1 itself is capable of forming poly-SUMO chains, despite its lack of an internal SCM, unlike SUMO-2 or SUMO-3. Furthermore, Ubc9 was identified as an interaction partner of EV71 3C, seemingly contributing to efficient 3C SUMOylation itself.
Intriguingly, PTM seems to augment ubiquitination and sig-nificantly reduce the half-life of the viral protein, whereas mutational inactivation of the SCM completely reversed these phenotypes (30) . More significantly, modification at K52 attenuated 3C-mediated substrate cleavage of endogenous cellular proteins, apoptosis induction, and viral neurovirulence in mice. Evidence from clinically isolated strains support the hypothesis that SUMO modification and the Ubc9/3C interaction have important medical implications, while posttranslational modification of 3C serves as a host cell defense mechanism counteracted by evolving sitespecific EV71 escape mutants (30) . Although coxsackievirus B5 influences the host cell SUMOylation system to some extent (61) , far more research is necessary to define the role of this PTM for picornaviruses in general.
Retroviridae. Since HIV-1 represents one of the best-studied retroviruses due to its pathogenicity in humans, it has been characterized for PTM by SUMO. The C-terminal part of the HIV-1 gag polyprotein contains a small proline-rich domain that matures via the viral protease into p6. In the virion of HIV-1, p6 is the major phosphoprotein, mediating late steps in virion budding (57) . In this context, it has been suggested that p6 serves as a docking site, and its mono-ubiquitination is necessary for recruiting the respective host cell components during the process of virion release (139, 150, 151, 185) .
However, recently p6 was found to interact with SUMO-1 and the conjugation enzyme Ubc9, and further biochemical evidence showed that covalent modification occurs at lysine 27 at an SCM conserved among most HIV strains (65) . Upon its overexpression, free SUMO-1 was incorporated into nascent virions, causing a 5-fold decrease in the infectivity of these particles. The inhibitory effect depends on covalent SUMO modification of p6, whereas incorporation of SUMO-1 occurs via a mechanism independent of p6 lysine, since virus infection with a p6 K27 mutant is resistant to the detrimental effects of SUMO-1 despite comparable levels of incorporated SUMO-1. Although the molecular mechanism remains unclear, it has been suggested that SUMOylation may compete with monoubiquitination of p6, thereby inhibiting proper recruitment/incorporation of host cell factors during the budding process of infectious virions. Consequently, these viruses display defects in early stages of infection (65) .
More recent studies elaborated on previous findings initially from Mason-Pfizer monkey virus (MPMV) (189) and Moloney murine leukemia virus (MoMuLV) (201) , similarly showing that the gag protein of HIV-1 interacts with Ubc9 (79). Jaber et al. demonstrated that RNA interference (RNAi)-mediated knockdown of Ubc9 resulted in normal numbers of virions; however, these particles were up to 10-fold less infectious than those produced in the presence of Ubc9 (79) . Comprehensive biochemical studies indicate that the amount of gp120 packaged into particles is significantly reduced in Ubc9 RNAi-treated cells compared to the amount in control cells. These results indicate that Ubc9 functions during the virus assembly process, particularly in the processing/packaging of mature envelope glycoproteins. However, experiments with a trans-dominant-negative mutant of Ubc9 suggest that the protein may function independently of its E2 SUMOconjugating activity and, consequently, in a SUMO-independent manner (79) .
In addition, it has been reported that the HIV-1 integrase (IN) is modified by all three isoforms of SUMO, and mutational inactivation of the phylogenetically conserved SCMs leads to reduced infectivity and slower replication kinetics in both epithelial and T cell lines (202) . Cells infected with viruses harboring mutations in the SCMs of IN showed significantly fewer integration events than wt-infected control cells. Since the enzymatic activity of the HIV-1 integrase was not affected by the respective mutations, it has been suggested that SUMO attachment might serve as an additional interface on IN, again altering its affinity for certain cofactors that are required for efficient integration of the HIV genome into the host cell (202) . Further studies will be required to clarify the molecular mechanisms by which the cellular SUMOylation system participates in the control of HIV-1, although sophisticated techniques provide strong evidence for an important role of the host cell SUMO modification system in HIV-1 replication in general (21, 95) .
Besides HIV-1-mediated immunodeficiency, two other human diseases, namely, adult T-cell leukemia and human T-cell leukemia virus type 1 (HTLV-1)-associated myelopathy/spastic paraparesis, are caused by the human pathogenic retrovirus HTLV-1. Both diseases have been linked to expression of the viral regulatory protein Tax, a potent transcriptional activator of viral genes and host cell genes. Interestingly, Tax has been described as a viral oncogene with profound tumorigenic potential in mice and in primary lymphocytes or fibroblasts. To a large extent, Tax's oncogenic properties are associated with its ability to constitutively activate NF-B signaling (20, 86, 111, 146) .
Two separate studies have impressively shown that Tax is a substrate for the SUMO modification machinery, regulating its subcellular partitioning between the nucleus and cytoplasm depending on different PTMs (90, 100) . Although SUMOylation of Tax is not sufficient for activating the NF-B pathway, PTM modification is absolutely necessary to enable Tax to relocalize some components of the NF-B pathway to specific subnuclear structures (90, 100) . Furthermore, Tax induces the SUMOylation of NF-B essential modulator (NEMO) in these characteristic Ubc9-positive subnuclear domains (90) . These data indicate that PTM by SUMO dictates Tax's intracellular fate at the level of trafficking and localization, although the precise functional significance of this in relation to the NF-B pathway remains to be identified.
EXTRA-AND INTRACELLULAR BACTERIA
In the last few years, several impressive studies have convincingly linked the host cell SUMO modification system with various extra-and intracellular bacteria. Although this field is still in its infancy, SUMOylation seemingly plays an important role in the infectivity and pathogenicity of bacteria. Yersinia species encode a type III secretion system and several effector proteins known as Yersinia outer proteins (Yops) that alter crucial signaling pathways inhibiting phagocytosis and the immune response in animal and plant hosts (37, 136) .
Bioinformatic predictions suggest that YopJ has a secondary structure very similar to that of the adenovirus protease (AVP) or the yeast ubiquitin-like protein protease 1 (Ulp-1), both prototypes of cysteine proteases such as the mammalian SENPs. Interestingly, Orth et al. showed that this enzymatic activity of YopJ family proteins induces a reduction in conjugated and unconjugated SUMO-1 in host cells. Hence, it has been suggested that YopJ's interference with SUMO modification in general might represent a conserved mechanism interfering with diverse cellular signaling pathways (38, 110, 138) . Since many different bacterial pathogens encode YopJ homologues (e.g., Salmonella, Rhizo-bium), further studies must determine the interplay with the host cell SUMO machinery.
Notably, the human pathogen Listeria monocytogenes uses a mechanistically different approach to decrease the levels of cellular SUMO-conjugated proteins. The bacterial virulence factor listeriolysin O (LLO) induces proteasome-independent degradation of the E2 enzyme Ubc9 and proteasome-dependent degradation of some SUMOylated proteins. In line with the observation that membrane association and the pore-forming activity of LLO are essential for Ubc9 degradation, the mechanistically related bacterial toxins perfringolysin (PFO; Clostridium perfringens) and pneumolysin (PLO; Streptococcus pneumoniae) show a comparable decrease in cellular Ubc9 levels (35, 158) . Thus, other extracellular pathogens are seemingly able to target the SUMO modification system with mechanisms similar to that of L. monocytogenes, arguing for an evolutionarily conserved strategy in some pathogenic bacteria to increase infectivity by restricting SUMOdependent host cell responses.
CONCLUDING REMARKS
SUMO modification is an important and widely used reversible modification system within eukaryotic cells. Every possible consequence has been described for target SUMOylation; however, a simplified view is that it influences mainly protein stability, subcellular localization, or transcriptional activity. Future discoveries about the molecular mechanisms of mono-/polySUMOylation by different SUMO paralogues, the components/motifs involved, and the respective downstream consequences are needed in order to define the role of this PTM in cell metabolism in sufficient detail. As with most successful regulatory pathways, viruses have undeniably evolved multiple strategies to exploit the host cell SUMOylation system. Currently, most data related to SUMO modification and DNA viruses are inevitably linked to PML-NBs, since these structures provide a unifying framework as a nuclear SUMOylation hot spot and an intrinsic, antiviral defense barrier (46, 47, 178) . Consequently, over three dozen viruses that show a certain degree of association with these subnuclear structures have now been identified (183) . However, the mode of modulating and/or counteracting such interactions is best analyzed for adenoviruses and herpesviruses (Fig. 2) . Unlike many other viral proteins, the CELO Gam-1 protein is capable of global deregulation of SUMOylation by decreasing the amount of SUMO E1 and E2 enzymes. Naturally, it is possible that this mechanism also decreases endogenous PML levels and disrupts PML-NBs; however, the precise molecular mechanism remains elusive (36) . For HAdV5, several early regulatory proteins have been described to be associated with ND10, PML-associated proteins, and SUMOylation. Nonetheless, the substantial reorganization of PML-NBs by E4orf3 in so-called track-like structures currently remains a unique mechanism of ND10 inactivation (24, 42, 154) and a mechanistic mystery.
In contrast, several mechanisms of ND10 inactivation and/or deregulation of SUMO modification have been described for prototype members of herpesviruses (Fig. 2) . Both the HSV-1 ICP0 and VZV ORF61 proteins contain SIMs, which enable them to efficiently localize to PML-NBs during the early phase of infection and induce their disruption. However, mechanistically, ICP0 acts as a STUbL-like protein and preferentially induces the proteasome-dependent loss of SUMO-modified PML, PML itself, and certain PML-associated proteins, whereas ORF61 triggers a proteasome-independent decrease in the total number of PML-NBs.
Intriguingly, the KSHV protein LANA2 phenotypically uses the same approach to impair PML-NB function as ORF61; how- ever, the mechanism depends on an intact LANA2 SIM proteasomal degradation and most likely occurs via a STUbL-like mode, as for ICP0. Besides, it is possible that the identified SIMs within ICP0 and ORF61 additionally enable the viral proteins to target and selectively inactivate SUMO-modified PML components (e.g., Daxx, ATRX, Sp100) known to participate in the innate cellular defense barrier toward viral infection.
Both HCMV and EBV do not induce reduction of endogenous PML but rather trigger the loss of PML SUMOylation and, consequently, the disintegration of PML-NB structures, leading to a diffuse distribution within the nucleus of infected host cells. Yet again, the mechanistic aspects of PML-NB inactivation by betaherpesviruses remain for future studies.
Although the precise mechanisms involved remain unknown, SUMO modification of viral proteins themselves seems to play a major role in the transcriptional capabilities of IE1, IE2, Zta, and Rta. Unfortunately, it is still difficult to predict the functional outcome of SUMOylation modulation by viral proteins on transcription regulation in general. In part, this is due to the promiscuity of PTM by SUMO for transcription factor regulation, either inducing activation or repression, depending on the corresponding transcription factor. Moreover, PTM by SUMO significantly influences the localization and/or interaction capabilities of transcription factors, providing an additional interaction platform for recruiting cofactors, such as TAF12 in the case of IE2. Therefore, evaluations of additional common principles of how viruses exploit the cellular SUMOylation systems, particularly in the field of RNA viruses, are subjects of ongoing studies.
Although a remarkable amount of data have been generated using different model systems (Fig. 3) , we are just beginning to understand the basic principles of the intimate relationship between pathogens and the cellular SUMOylation system. Nevertheless, this relationship will definitely provide further significant insights for molecular biology in general and may represent a promising target for drug-based interference in particular. 
